ABSTRACT The efficacy of three Escherichia coli-derived phytase preparations on the performance and nutrient utilization of broiler chicks was evaluated. Two hundred sixteen 7-d-old male broiler chicks were grouped by weight into 6 blocks of 6 cages with 6 birds per cage. Six corn-soybean meal-based diets were randomly assigned to cages within each block. The 6 diets were adequate P, very low P, and low P and contained (g of P/ kg of diet) 7.7, 4.0, and 5.1, respectively; and low-P diet plus phytase preparation A, B, or C at 1,000 units/kg of feed. All 3 phytase preparations were produced in different yeast production systems with slightly different glycosylation patterns. Preparation A was produced in Pichia pastoris, B in Schizosaccharomyces pombe, and C in Saccharomyces cerevisiae. The chicks were fed the experimental
INTRODUCTION
Phytate is a salt of myo-inositol 1,2,3,4,5,6-hexakis (dihydrogen phosphate), an ester of cyclic alcohol inositol with 6 phosphates, and is the main storage form of plant P and inositol (Reddy et al., 1982) . Phytates in feed, if hydrolyzed, can be a rich source of P to the animal. Phytase (myo-inositol-hexakisphosphohydrolase, E.C.3.1.3.8 or E.C.3.1.3.26), a specific phosphohydrolase degrades phytate to yield inositol and orthophosphate via inositol penta-to monophosphates as intermediary products (Liu et al., 1998) . There are 2 main types of microbial phytases classified on the basis of the site of initial hydrolysis on phytates: 3-phytase and 6-phytase. The 3-phytase, such as phytase from Aspergillus ficuum or A. niger, initiate phytate degradation by removing inorganic phosphate To whom correspondence should be addressed: ladeola@ purdue.edu. 421 diets from 8 to 22 d of age. Excreta samples were collected between 17 and 21 d of age. At the end of the study, blood was collected, chicks were killed, and tibiae were removed from 3 birds per cage. Weight gain, feed intake, and feed efficiency among the 3 phytase preparations did not differ, although only phytase A diet outperformed (P < 0.05) the low-P diet in terms of weight gain and feed efficiency. All 3 phytase diets outperformed (P < 0.05) the low-P diet in bone mineral content, density, strength, percentage ash, P retention, and serum P levels. Phytase B diet outperformed the adequate-P diet in bone strength. All 3 preparations increased (P < 0.05) Ca retention with phytase B or C showing a better retention of Ca than phytase A. All 3 phytase preparations showed similar P use as indicated by BW gain and tibia bone characteristics.
(Pi) from position 3. Others, such as 6-phytase from Peniophora lycii or Escherichia coli, start phytate degradation by removing Pi from the sixth position on the phytic acid molecule.
Monogastric animals have insufficient endogenous mucosal phytase to effectively digest dietary phytate (Nelson, 1967) . Consequently, much of the phytate-bound P in the diet is passed out in animal waste. This necessitates addition of inorganic P to diets for monogastric animals in order to meet their nutritional requirements. However, P is the third most expensive nutrient in poultry diets after energy and protein (Biehl et al., 1998) . Two main approaches are currently under investigation to reduce P in the effluent, especially from intensive animal agriculture: use of low-phytate (high available P) soybeans and corn (Sands et al., 2001 (Sands et al., , 2003 and addition of microbial phytase to feeds (Waldroup, 1999) . Addition of microbial phytase to monogastric diets reduces the amount of P getting into the environment by improving its utilization (Waldroup, 1999) . Addition of microbial phytase has been shown to improve utilization of other minerals such as Fe, Mg, and Zn in pigs (Adeola, 1995; Adeola et al., 1995) and chickens (Biehl et al., 1995; Sebastian et al., 1996) . Microbial phytase in diets has also been reported to im- prove protein and amino acid digestibilities in the chicken (Biehl and Baker, 1997; Namkung and Leeson, 1999) .
The production system in which phytase is expressed may alter the enzyme's properties such as its pH optima, thermostability, specific activity, and resistance to proteolysis (Wyss et al., 1999) . Such changes may in turn affect efficacy of the enzyme. In the present study, 3 Escherichia coli-derived phytase preparations produced in different expression systems were evaluated for their efficacy in improving performance and nutrient digestion in broiler chicks.
MATERIALS AND METHODS
Ross-308 broiler chicks were obtained from a commercial hatchery, wing-banded, maintained in electricallyheated cages, and provided access ad libitum to water and a standard broiler starter diet containing 223 g CP, 10 g Ca, and 7.7 g total P/kg for 7 d. Cages had continuous lighting, and temperature was kept at 35°C. Two hundred sixteen 7-d old male broiler chicks were grouped by weight into 6 blocks of 6 cages each with 6 birds per cage. Birds were assigned such that the average weight was similar across diets. The corn-soybean meal-based mash diets were randomly assigned to cages within each block. The diets were adequate P, very low P, and low P containing (g of P/kg of diet) 7.7, 4.0, and 5.1, respectively, and the low-P diet plus phytase preparation A, B, or C at 1,000 units/kg of feed (Table 1) . Cornstarch in the low-P diet formulation was substituted for the appropriate phytase premix to make the diets containing phytase. Cornstarch was used as a carrier for phytase in the premix. The very-low-P and low-P diets were formulated to meet or exceed NRC (1994) requirements for all nutrients except P. The adequate-P diet was formulated to meet or exceed the NRC (1994) requirement for all nutrients. All the diets were formulated to be isocaloric and isonitrogenous and had the same Ca:P ratio. Each phytase preparation was the gene product of a modified Escherichia coli phytase that was produced in different yeast production systems, which glycosylated the construct in slightly different manners. Preparation A was produced in Pichia pastoris, B in Schizosaccharomyces pombe, and C in Saccharomyces cerevisiae. The pH optima of the 3 preparations did not differ (pH 4.5).
Water and the assigned diets were provided ad libitum for 14 d. Feed consumption for each cage over the period of the experiment was recorded. Chicks were weighed individually at 8 and 22 d of age. Cages had continuous lighting, and temperatures were kept at 32°C from d 8 to 14 and at 27°C from d 15 to 22. Between 17 to 21 d of age excreta samples were collected and frozen until further processed. At the end of the study, blood (for serum) was collected in clot activator tubes.
3 Birds were killed by CO 2 asphyxiation, and the left tibia was taken from 3 randomly chosen birds in each cage. Tibiae were kept frozen until analysis. All procedures were approved by the Purdue University Animal Care and Use Committee.
Frozen excreta samples were dried in a forced-air oven at 50 to 55°C. Dried excreta and samples of diets and ingredients were ground to pass through a 0.5-mm screen and mixed thoroughly before analysis. Samples of diet, ingredients, and excreta were oven dried at 110°C for 24 h for dry matter determination. Nitrogen in the samples was determined by the combustion method using a combustion analyzer. 4 Energy content of samples was determined by bomb calorimetry using an adiabatic calorimeter.
5 Phytate (myoinositol hexaphosphate to myoinositol diphosphate; IP6 to IP2) in the low-P diet was determined as described by Rounds and Nielsen (1993) . Phytase activities (one phytase unit is the amount of enzyme required to release 1 µmol of inorganic phosphorus per minute from sodium phytate at 37°C) in the diets was conducted at a commercial laboratory.
6 Frozen tibiae were thawed, and bone mineral content and bone mineral density were determined using dual energy x-ray absorptiometry. They were then refrozen until analyzed for bone strength. Tibia peak load was determined using a material testing machine 8 (ASAE, 2000) . Tibiae were sheared midshaft using a crosshead speed of 5.0 mm/min. Sheared pieces were collected, defatted, and ashed at 600°C for 16 h to determine percentage of ash.
Collected blood was allowed to clot and then centrifuged at 453 × g for 30 min; serum was filtered using serum filters.
9 Serum Ca was determined by a colorimetric method.
10 It reacted with an Arsenazo reagent to form a purple complex, and the intensity was proportional to the concentration of Ca in serum. Color intensity was measured with a spectrophotometer at 595 nm. Total P in samples of diets, excreta, and serum was determined by a colorimetric method. Diet and excreta samples were ashed and boiled in acid to solubilize all P, whereas serum samples were treated with trichloroacetic acid to precipitate protein. The concentration of P in the supernatant was determined using a kit.
11 Ammonium molybdate was added to the supernatant to form phosphomolybdate, which was then reduced to form a blue phosphomolybdenum complex. The color intensity of the complex was proportional to the P concentration and was determined at 620 nm. Data were analyzed using the GLM procedures of SAS software (SAS, 2002) appropriate for a randomized complete block design. Cage was the experimental unit. The level of statistical significance was set at P < 0.05. When a significant F-value for treatment was observed in the ANOVA, treatment means were compared using Duncan multiple range test (Duncan, 1955) .
RESULTS AND DISCUSSION
Although diets containing phytase were formulated to contain 1,000 units of phytase per kilogram of feed, analyzed activity varied (Table 2) . Weight gain, feed intake, and feed efficiency among the 3 phytase diets did not differ, although only phytase A diet outperformed (P < 0.05) the low-P diet in terms of weight gain and feed efficiency (Table 3) . Improvement in weight gain when supplemental phytase is added to broiler diets has been shown in a number of studies. Denbow et al. (1995) , for example, reported increased gain and feed intake, but not feed efficiency, when phytase was supplemented to cornsoybean meal-based diets fed to 1-d-old chicks for 21 d. Adding phytase to P-deficient diets increases the amount of P available to the animal from feed phytates. This helps to meet the nutritional requirement for P in the animal. Phosphorus is intimately involved in the process of growth being a constituent of bone, nucleic acids, highenergy compounds, and phospholipids found in membranes. It is also involved in a variety of enzymatic reactions as well as in O 2 transport as a constituent of phosphoglycerate compounds (Drezner, 2002) . Improved growth performance noted when supplemental phytase was added to P-deficient diets might have been due to increased supply of P needed in the growth process.
Supplementation of the P-deficient low-P diet with any of the 3 phytase preparations equally improved the tibia ash, bone mineral content, and density to levels similar to those obtained in chicks fed the adequate-P diet (Table  4 ). The peak load the tibia could withstand before breaking followed a pattern similar to that shown by percentage of ash, bone mineral content, and density. All the 3 phytase diets improved the tibia strength of chicks. Phytase A and C improved the peak load to the level of the adequate-P diet, but only phytase B diet performed better than the adequate-P diet. Although in-feed phytase activity in phytase B diet was lower than phytase A or C diets, it showed higher peak load than A or C. This finding Values represent the mean of 6 cages with 6 birds per cage (n = 6). Means within a column not sharing a common superscript letter differ (P < 0.05).
may be an indication that phytase B, in terms of improving peak load, was more potent than phytase A or C. Improvement in peak load observed in the present study is in agreement with the findings of Denbow et al. (1995) and Sohail and Roland (1999) . Denbow et al. (1995) reported improved tibia ash and shear force and stress when 1-d-old broilers were fed a soybean meal-based semipurified diet supplemented with phytase for 21 d. Sohail and Roland (1999) noted an increase in bone mineral content, tibia density, and bone strength when phytase was added to grower and finisher diets for broilers. Other studies did not find improvement in tibia bone variables when phytase was added to broiler diets. Huff et al. (1998) , for example, reported a lack of change in bone breaking strength when they fed corn-soybean mealbased diet supplemented with phytase to 1-d-old broiler chicks for 49 d. A possible explanation for the varied results could be the different ages at which tibia strength was measured and also the sources of phytase used in the various studies. Factors that affect bone strength include crosshead speed, handling of bones before actual testing, and the site at which the shearing is done (Wilson and Mason, 1992; Orban et al., 1993) . Consequently, results of bone strength measurements are likely to vary depending on the handling of bones and the measurement technique. In fact, Ravindran et al. (1995) in their evaluation of various response criteria for assessing biological Means within a column not sharing a common superscript letter differ (P < 0.05).
1
Values represent the mean of 6 cages with 3 birds per cage (n = 6).
2
Bone mineral content and density were determined using dual energy x-ray absorptiometry.
3 SD = Pooled standard deviation.
availability of phosphorus for broilers concluded that tibia shear force was of limited value. Retention of DM in chicks fed phytase B diet was similar to those fed phytase A diet but higher than those fed phytase C diet (Table 5 ). Of the 3 phytase preparations, only phytase B showed a higher retention than the low-P diet. The N retention among the 3 phytase preparations was similar. However, only phytase A or B diets showed higher N retention than the low-P diet. Some studies show an effect of supplemental phytase on retention of DM or N, whereas others do not. In the study by Ravindran et al. (2000) broilers fed a wheat-sorghum-soybean meal-based diet showed increased retention of DM and N when phytase was added to the diet. On the other hand, Zhang et al. (1999) in their broiler feeding trial reported a lack of significant effect of supplemental phytase on digestibilities of CP and amino acids in a cornsoybean meal-based diet. The different ingredients used in diet formulations in the different studies may be a possible cause of the differences in digestibility outcomes reported (Bedford, 2000; Ravindran et al., 1999) . Given that phytase degrades phytates in feed, it may increase N digestibility by breaking phytate-protein complexes and release proteins for digestion and absorption. Cowieson et al. (2003) showed that phytate significantly increased endogenous losses in chickens and that the addition of phytase reduced such losses. Hence, the addition Values represent the mean of 6 cages with 6 birds per cage (n = 6).
2 SD = Pooled standard deviation.
Means within a column not sharing a common superscript letter differ (P < 0.05).
of phytase could be expected to further increase protein and energy efficiency. Energy retention or the AME in the chicks was not improved by addition of any of the 3 phytase preparations (Table 5 ). These findings are in agreement with those of Biehl and Baker (1997) who reported a lack of improvement in TME n and true amino acid digestibility when phytase was added to soybean meal fed to 20-wk-old cecectomized roosters. A number of recent studies have, however, reported increase in AME or energy retention when phytase was added to broiler diets. Namkung and Leeson (1999) , using 1-d-old broiler chicks fed a cornsoybean meal-based diet, reported improved AME n and digestibility of some amino acids. Newkirk and Classen (2001) have also recently reported an increased AME n in 1-d-old broiler chicks fed, for 18 d, a maize-canola mealsoybean meal-based diet supplemented with phytase. Breakdown of phytate-nutrient complexes, which may involve energy-containing nutrients, by phytase may make available complexed energy compounds for digestion or absorption (Ravindran et al., 2000) . Also the release of complexed enzymes may increase digestion of energy compounds. The variation in energy retention reported may be due to the different phytase sources and diet ingredients used. This is in fact supported by the current study because the AME of the diet supplemented with phytase A was significantly greater than that of the other 2 phytases. Differences between phytases were particularly marked. In fact phytase B reduced AME compared with the control. This finding may explain the lack of effect of phytase on energy retention noted in the present study.
Retention of Ca and P was improved when any of the 3 phytase preparations were added to the low-P diet (Figure 1 ). Diets containing phytase preparation B or C improved Ca retention more than the diet containing phytase A. Improved Ca retention when phytase was added to the low-P diet might have been primarily due to phytase breaking down phytate-mineral complexes and so releasing Ca for absorption. The P retention among the 3 phytase diets was similar but higher than in the low-P diet. Improvement of P retention, observed in the present study and demonstrated in several other studies such as by Sebastian et al. (1996) , is the basis of using exogenous phytase to enhance P utilization. Phytase, by degrading phytates in feed, releases P for absorption. In the present study, increased P retention was noted in chicks fed the very-low-P-and low-P diets compared with those fed the adequate-P diet. Viveros et al. (2002) reported a similar increase in P retention in broilers when nonphytate P content in the diets decreased. This increase may be due to an increase in endogenous phytase activity in response to low dietary P.
If the percentages of P and Ca retention are multiplied by the total diet content for the diets containing adequate P or phytase, respectively, it appears that all diets supplied approximately 0.2% retained P, but the adequate-P diet supplied 0.43% retained Ca compared with approximately 0.37% for the phytase treatments. Given that the digestibility of N, energy, DM, and the AME were better for the phytase treatments (particularly phytase A) compared with the adequate-P diet, it is surprising that the performance of the phytase treatments did not exceed that of the adequate-P diet. Possible explanations include a limitation in Ca supplied by diets containing phytase or that all diets supplied more nutrients than required by the birds once the P deficiency had been addressed. The use of diets more dense in Ca would help to resolve this issue.
Levels of serum Ca did not differ among the different dietary treatments (Table 3) . Serum P levels in chicks fed the 3 phytase diets were similar although only chicks fed Bars not sharing a common letter are different (P < 0.05).
phytase A or B diets had higher serum P levels than those fed the low-P diet. Phytase A or B improved serum P levels of chicks to the level obtained in those fed the adequate-P diet. Phytase C diet did not show such an increase. Similar findings have been reported by Viveros et al. (2002) who reported increased levels of serum P but decreased Ca in chicks when microbial phytase was added to P-deficient diets. Serum P in the present study seemed to reflect the P adequacy or inadequacy of the diets. Serum levels of P are a result of the homeostatic regulation of P. Significant lowering of these levels may be indicative of low body P reserves as was, perhaps, the case in the very-low-P and low-P diets. Ravindran et al. (1995) reported that body weight gain and toe ash were more sensitive than tibia ash as response criteria for P bioavailability assays in 3-wk-old broiler chicks. Based on body weight gain and tibia ash as indicators of P bioavailability, it would appear that all the 3 phytase preparations equally improved performance, but phytase preparation A might have been superior to preparation B or C. The superior performance of phytase A diet might have been due to the higher in-feed phytase activity compared with phytase B or C diets, which contained 58 or 90%, respectively, of the activity in phytase A diet (Table 2) . Furthermore, intrinsic differences in glycosylation of the phytase preparations under the different production systems may also account for the variation in bird response among the enzymes. In conclusion, all 3 phytase preparations improved P utilization as indicated by body weight gain and tibia bone characteristics.
